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I 
摘要 
双极膜燃料电池是近十几年才提出的、以双极膜为电解质的一种新型燃料电
池，其优点有：（1）阴极可以采用非贵金属催化剂或者载量更低的贵金属催化剂，
降低成本；（2）双极膜界面反应生成水，调节电池的水传输特性，形成自增湿机
制；（3）水的生成反应促进 H+和 OH-的消耗，推动两极反应正向进行，有利于
提高双极膜燃料电池性能。双极膜是双极膜燃料电池的核心组成部件，起传导
OH
-和 H+、分隔阴阳两极的作用，对电池性能有十分重要的影响。本论文以浇铸
法制备出一种复合型双极膜，主要研究内容如下： 
（1）以 1-甲基咪唑和对氯甲基苯乙烯为原料，制备卤代咪唑盐 1-(4-乙烯基
苄基)-3-甲基氯化咪唑；将其与苯乙烯进行自由基聚合，得到咪唑盐型阳离子共
聚物；通过红外光谱和元素分析证实该共聚物已经成功制备；利用相转化法制备
相应的阴离子交换膜，测得其离子交换容量为 1.030 mmol/g，含水率为 29.0%，
30 ℃时的离子电导率为 29.7 mS/cm，符合制备双极膜的要求，可以用来制备双
极膜阴离子交换层。 
（2）以聚四氟乙烯多孔膜为基底膜、全氟磺酸树脂（Nafion）溶液为阳离
子交换树脂溶液制备双极膜阳离子交换层。拉伸强度测试和溶胀率的数据表明，
与全氟磺酸树脂膜相比，该阳离子交换层具有更好的机械强度和尺寸稳定性，且
基底膜的采用使全氟磺酸树脂使用载量降低，有利于降低成本并制备较薄的双极
膜。 
（3）制备具有不同阴、阳离子交换树脂载量的双极膜，采用全反射红外光
谱（ATR-FTIR）、扫描电镜-能谱分析（SEM-EDS）、热重分析（TGA）等一系列
方法进行表征，并测试了双极膜的含水率和离子电导率；扫描电镜结果表明双极
膜表面平整、结构致密，阴、阳离子交换树脂已充分地填充于聚四氟乙烯基底膜；
全反射红外光谱和能谱分析表明，双极膜具有结构不同的阴离子交换层和阳离子
交换层，另外阴离子交换层与阳离子交换层间有一定厚度的中间层；热重数据表
明该双极膜在 205.7 ℃以内具有良好的热稳定性；双极膜常温下的含水率为
10.3%~28.3%；全氟磺酸树脂载量为 4.00 mg/cm2、咪唑盐型阳离子共聚物载量为
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0.40 mg/cm
2 时的双极膜离子电导率最大，该双极膜在 30~80 ℃时的电导率为
35.0~76.5 mS/cm。 
（4）对离子电导率最高的双极膜进行 H2/O2单电池测试，30 ℃、干气状态
下该膜的功率密度峰值为 40.3 mW/cm2，此时的电流密度为 126.7 mA/cm2。 
 
关键词：自增湿；浇铸法；双极膜燃料电池 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
III 
Abstract 
Bipolar membrane fuel cell (BPMFC) is a new kind of fuel cell with bipolar 
membrane (BPM) as its electrolyte. It contains some advantages. First, cheap 
non-platinum catalysts and/or lower catalyst loading can be used in alkaline cathode. 
And this is helpful to lower the cost. Second, in H2/O2 BPMFC, protons produced in 
anode and hydroxides produced in cathode would react in the intermediate layer of 
bipolar membrane which provides the possibility to devise passive self-humidification 
over the entire cell. At the same time, the self-humidifying characteristic offers a 
chance to simplify cell system complexity. Third, the water production reaction 
facilitates the consumption of H
+ 
and OH
-
 which accelerates oxygen reduction 
reaction and hydrogen oxidation reaction and helps to get a better fuel cell 
performance. Bipolar membrane is used to transfer protons and hydroxides 
simultaneously and separate the anode and cathode. It is very vital to the fuel cell 
performance. Herein, a simple casting method was used to prepare a novel bipolar 
membrane and following is the main research aspects: 
(1) The imidazolium salt 1-(4-vinylbenzyl)-3-methyl-imidazolium chloride was 
synthetized by 4-vinylbenzyl chloride and 1-methylimidazole; then imidazolium salt 
and purified styrene were used to prepare imidazolium cation copolymer through free 
radical copolymerization. ATR-FTIR spectrum verifies the successful preparation of 
copolymer, and there is 4.394 wt.% of nitrogen element in copolymer due to the 
imidazole groups. Anion exchange membranes (AEM) were prepared by 5 wt.% 
copolymer solution through a solution-casting and evaporation method. In 30 ℃, the 
ion exchange capacity, water uptake and ionic conductivity of AEM are 1.030 mmol/g, 
29.0% and 29.7 mS/cm, respectively. All these data show that the imidazolium cation 
copolymer can be used in BPM preparation. 
 (2) Polytetrafluoroethylene (PTFE) porous membrane was chosen as base film 
of BPM, and Nafion solution was used to prepare cation exchange layer of BPM. 
Tensile strength test and swelling ratio data show that NPCEL has a better mechanical 
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strength and dimensional stability than Nafion membrane by introducing PTFE. At the 
same time, NPCEL could have very low Nafion resin loading, which is helpful to 
decrease cost and prepare thinner bipolar membrane. 
(3) The BPMs with different loadings of Nafion resin and imidazolium cation 
copolymer were prepared. Properties of BPMs were investigated by ATR-FTIR, TGA, 
SEM-EDS and so on. At the same time, ionic conductivity and water uptake (WU) 
were also studied. SEM pictures show that both anion exchange layer (AEL) and 
cation exchange layer (CEL) of the bipolar membrane are smooth and dense. Besides, 
not only Nafion resin but also imidazolium cation copolymer is well filled in PTFE 
micro pores. ATR-FTIR analyses and EDS data show that there are single AEL and 
CEL with different structures, and there is an intermediate district between CEL and 
AEL. The BPMs have good thermal stability under 205.7 ℃. At room temperature, 
Water uptakes of BPMs are 10.3%~28.3%. BPM-2c has the max ionic conductivity of 
35.0~76.5 mS/cm in 30~80 ℃ and its Nafion resin loading is 4.00 mg/cm2 and 
copolymer loading is 0.40 mg/cm
2
. 
(4) BPM-2c was utilized to H2/O2 fuel cell tests since it has the higher ionic 
conductivity among all the samples. It has a peak power density of 40.3 mW/cm
2
 at 
the current density of 126.7 mA/cm
2
 at 30 ℃ under anhydrous operation conditions.  
 
Key Words: Self-humidification; Casting method; Bipolar membrane fuel cell 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
V 
目录 
第一章 绪论 ............................................................................................................................. 1 
1.1 燃料电池概述.................................................................................................................. 1 
1.1.1 燃料电池的发展历史.................................................................................. 1 
1.1.2 燃料电池的工作原理及特点...................................................................... 2 
1.1.3 燃料电池的分类.......................................................................................... 3 
1.2 聚合物电解质燃料电池 ............................................................................................... 5 
1.2.1 质子交换膜燃料电池.................................................................................. 5 
1.2.2 阴离子交换膜燃料电池.............................................................................. 6 
1.2.3 双极膜燃料电池.......................................................................................... 8 
1.3 双极膜概述 ...................................................................................................................... 9 
1.3.1 双极膜基本性质........................................................................................ 10 
1.3.2 双极膜的制备方法.................................................................................... 11 
1.3.3 燃料电池用双极膜的基本特点................................................................ 14 
1.3.4 双极膜燃料电池的研究现状.................................................................... 15 
1.4 本论文研究的意义、目的和主要内容 .................................................................. 18 
第二章 实验部分 ............................................................................................................... 20 
2.1 实验膜材料、试剂与仪器 .............................................................................. 20 
2.1.1 膜材料........................................................................................................ 20 
2.1.2 实验试剂.................................................................................................... 20 
2.1.3 实验仪器.................................................................................................... 22 
2.2 双极膜的制备 .................................................................................................. 23 
2.2.1 咪唑盐型阳离子共聚物的制备................................................................ 23 
2.2.2 阴离子交换膜的制备................................................................................ 23 
2.2.3 双极膜阳离子交换层的制备.................................................................... 24 
2.2.4 双极膜的制备............................................................................................ 24 
2.2.5 双极膜的转型............................................................................................ 24 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文 
VI 
2.3 膜的性能表征 .................................................................................................. 24 
2.3.1 元素分析.................................................................................................... 24 
2.3.2 全反射红外光谱分析................................................................................ 25 
2.3.3 拉伸强度测试............................................................................................ 25 
2.3.4 热重分析.................................................................................................... 25 
2.3.5 扫描电镜与能谱分析................................................................................ 25 
2.3.6 含水率和溶胀率的测定............................................................................ 26 
2.3.7 离子交换容量的测定................................................................................ 26 
2.3.8 离子电导率的测定.................................................................................... 27 
2.4 膜电极及单电池系统 .................................................................................................. 28 
2.4.1 膜电极的制备............................................................................................ 28 
2.4.2 单电池系统的组装及测试........................................................................ 29 
第三章 咪唑盐共聚物的合成和双极膜阳离子交换层的制备 .............. 31 
3.1 基底膜的选择 .................................................................................................. 31 
3.2 离子交换树脂的选择 ...................................................................................... 32 
3.2.1 阳离子交换树脂........................................................................................ 32 
3.2.2 阴离子交换树脂........................................................................................ 32 
3.3 咪唑盐型阳离子共聚物 ............................................................................................. 33 
3.3.1 咪唑盐型阳离子共聚物的合成路线........................................................ 33 
3.3.2 咪唑盐阳离子共聚物的红外光谱分析.................................................... 34 
3.3.3 阴离子交换膜的性能表征........................................................................ 35 
3.4 双极膜阳离子交换层 .................................................................................................. 36 
3.4.1 双极膜阳离子交换层的制备.................................................................... 36 
3.4.2 双极膜阳离子交换层的基本性能............................................................ 36 
3.4.3 双极膜阳离子交换层的离子电导率........................................................ 37 
3.5 本章小结 ......................................................................................................................... 38 
第四章 双极膜的制备及性能表征 ................................................................. 39 
4.1 双极膜的制备 .................................................................................................. 39 
4.2 双极膜基本物化性质 ...................................................................................... 39 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VII 
4.2.1 全反射红外光谱........................................................................................ 39 
4.2.2 双极膜微观形貌和元素分布.................................................................... 41 
4.2.3 热重分析.................................................................................................... 43 
4.2.4 含水率........................................................................................................ 44 
4.2.5 离子电导率................................................................................................ 46 
4.3 双极膜电池性能 ........................................................................................................... 49 
4.3.1 膜电极的制备............................................................................................ 49 
4.3.2 H2/O2单电池测试 ...................................................................................... 50 
4.4 本章小结 ......................................................................................................................... 51 
第五章 总结与展望 .............................................................................................. 53 
参考文献 ................................................................................................................... 55 
攻读硕士学位期间发表论文情况 .................................................................... 66 
致谢 ............................................................................................................................ 67 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文 
VIII 
Table of Contents 
Chapter 1 Introduction  ....................................................................................... 1 
1.1 Overview of fuel cell ........................................................................................... 1 
1.1.1 History of fuel cell ......................................................................................... 1 
1.1.2 Operating principle and feature of fuel cell ................................................... 2 
1.1.3 Classification of fuel cell ............................................................................... 3 
1.2 Polymer electrolyte fuel cell ............................................................................... 5 
1.2.1 Proton exchange membrane fuel cell ............................................................. 5 
1.2.2 Anion exchange membrane fuel cell .............................................................. 6 
1.2.3 Bipolar membrane fuel cell ............................................................................ 8 
1.3 Overview of bipolar membrane ........................................................................ 9 
1.3.1 Basic properties of bipolar membrane ......................................................... 10 
1.3.2 Preparation methods of bipolar membrane .................................................. 11 
1.3.3 Feature of bipolar membrane in fuel cell application .................................. 14 
1.3.4 Development of bipolar membrane fuel cell ............................................... 15 
1.4 The significance, purpose, main content of this research ............................. 18 
 Chapter 2 Experimental section .................................................................... 20 
2.1 Experimental materials, regents and instruments ........................................ 20 
2.1.1 Membrane materials..................................................................................... 20 
2.1.2 Experimental regents ................................................................................... 20 
2.1.3 Experimental instruments ............................................................................ 22 
2.2 Preparation of bipolar membrane .................................................................. 23 
2.2.1 Synthesis of imidazolium cation copolymer ................................................ 23 
2.2.2 Preparation of anion exchange membrane ................................................... 23 
2.2.3 Preparation of Nafion/PTFE cation exchange layer (NPCEL) .................... 24 
2.2.4 Preparation of bipolar membrane................................................................. 24 
2.2.5 Transition of bipolar membrane ................................................................... 24 
2.3 Characterization of the membranes ............................................................... 24 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
IX 
2.3.1 Elemental analysis ....................................................................................... 24 
2.3.2 ATR-FTIR .................................................................................................... 25 
2.3.3 Tensible Strength .......................................................................................... 25 
2.3.4 Thermo-gravimetric analysis (TGA) ........................................................... 25 
2.3.5 SEM-EDS  .................................................................................................. 25 
2.3.6 Water uptake (WU) ...................................................................................... 26 
2.3.7 Ion exchange capacity (IEC) ........................................................................ 26 
2.3.8 Ionic conductivity measurement  ................................................................ 27 
2.4 Membrane electrode assembly (MEA) and Fuel cell test ............................. 28 
2.4.1 Hot-pressing of membrane electrode assembly ........................................... 28 
2.4.2 Assembly and test of H2/O2 fuel cell............................................................ 29 
Chapter 3 Preparation of Imidazolium copolymer and NPCEL ......... 31 
3.1 The selection of base film ................................................................................. 31 
3.2 The selection of ion exchange resin ................................................................. 32 
3.2.1 cation exchange resin ................................................................................... 32 
3.2.2 anion exchange resin .................................................................................... 32 
3.3 Imidazolium cation copolymer ........................................................................ 33 
3.3.1 Synthesis route of imidazolium cation copolymer ....................................... 33 
3.3.2 ATR-FTIR of imidazolium cation copolymer .............................................. 34 
3.3.2 Characterization of imidazolium anion exchange membrane ...................... 35 
3.4 NPCEL .............................................................................................................. 36 
3.4.1 Preparation of NPCEL ................................................................................. 36 
3.4.2 Characterization of NPCEL ......................................................................... 36 
3.4.4 Ionic conductivity of NPCEL ...................................................................... 37 
3.5 Chapter summary ............................................................................................. 38 
Chapter 4 Preparation and characterization of BPM ............................. 39 
4.1 Preparation of BPM ......................................................................................... 39 
4.2 Characterization of BPM ................................................................................. 39 
4.2.1 Analysis of ATR-FTIR spetrum ................................................................... 39 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学硕士学位论文 
X 
4.2.2 Microstructure and elements distribution of BPM....................................... 41 
4.2.3 Analysis of TGA .......................................................................................... 43 
4.2.4 Analysis of WU ............................................................................................ 44 
4.2.5 Analysis of ionic conductivity ..................................................................... 46 
4.3 Performance of H2/O2 BPMFC ....................................................................... 49 
4.3.1 Hot-pressing of MEA ................................................................................... 49 
4.3.2 H2/O2 fuel cell test ....................................................................................... 50 
4.4 Chapter summary ............................................................................................. 51 
Chapter 5 Conclusion and outlook ................................................................. 53 
References ................................................................................................................ 55 
List of published papers ..................................................................................... 66 
Acknowledgements ............................................................................................... 67 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章 绪论 
1 
第一章 绪论 
1.1 燃料电池概述 
燃料电池（Fuel Cell）是一种能量转换装置[1]，只要源源不断地向电极提供
燃料，它就能连续地将储存在燃料和氧化剂中的化学能转化为电能。作为一种高
效清洁的发电技术，燃料电池具有设计灵活、环境友好、能量转化效率高、性能
可靠等优点[2-6]。随着石油、天然气和煤等化石能源的消耗以及环境问题的突出，
燃料电池愈发引起人们关注。 
1.1.1 燃料电池的发展历史 
“燃料电池”一词是化学家 Ludwig Mond 和其助手 Charles Langer 在 1889
年创造出来的，但燃料电池的历史[2, 3]可以追溯至更早。 
1838 年，欧洲科学家 C.F.Schonbein 首度发现燃料电池的电化学效应。 
1839 年，英国法官和科学家 William Robert Grove 在利用两个铂电极电解硫
酸时发现，析出的氧气和氢气具有电化学活性，于是将多个这种装置串联，在人
类历史上第一次进行了燃料电池演示。因此，Grove 也被称为“燃料电池之父”。 
1889 年，Ludwig Mond 和助手 Charles Langer 采用浸有电解质的多孔材料为
电池隔膜，以铂黑为催化剂，以钻孔的铂或金片为电流收集器组装出燃料电池，
工作电压为 0.73 V时电流密度为 3.5 mA/cm2，该电池在结构上与现代电池已经
十分接近。他们二人也发现了膜电极中电解质、电极、反应气的三相接触界面对
电池性能的重要性。 
Friedrich Wilhelm Ostwald 作为物理化学的奠基人之一，对燃料电池各组成
部分都有很深入地研究，他从热力学理论上证实，燃料的低温电化学氧化优于其
高温燃烧，并指出热机效率受卡诺循环限制，而燃料电池的效率则不受卡诺循环
限制。 
1902 年，科学家 Reid 提出碱性燃料电池的概念。 
1923 年，A.Schmid 提出气体扩散电极概念。 
1932 年，剑桥大学工程师 F.T.Bacon 博士根据已有的基础和概念，开发出双
孔电极，并改进现有燃料电池装置，采用较廉价的镍网取代铂电极，用不易腐蚀
电极的碱性电解质（氢氧化钾）取代硫酸电解质，制造出第一个碱性燃料电池，
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也称为培根电池。1959 年，Bacon 博士制造出真正能工作的燃料电池，功率为
5kW 的焊接机。同年，Allis-Chalmers 公司也推出燃料电池农用拖拉机，其所需
电力是由 1008个单电池串联而成的 15kW 燃料电池堆。 
1955 年通用电气公司（General Electrical, GE）工程师Willard Thomas Grubb 
改进了燃料电池设计，采用了磺化聚苯乙烯离子交换膜作为电解质。1958 年，
GE 的另一名工程师 Leonard Niedrach 发明了CCM（Catalyst Coated Membrane）
方法，制造出“Grubb-Niedrach Fuel Cell”。 1962 年，通用电气公司与 NASA的
合作将这一技术应用到双子星太空任务中，这也是燃料电池的第一次商业化应用。 
20世纪初飞机发动机制造商普惠（Pratt & Whitney）公司取得 Bacon 电池的
专利，并对其进行减轻质量的设计，成功开发出寿命长于 GE公司质子交换膜燃
料电池的碱性燃料电池。在与 NASA 的合作中，该碱性燃料电池成功为阿波罗
登月计划提供宇宙飞船动力，并在航天飞机的太空飞行任务中多次作为动力源。 
1972 年，杜邦（Dupont）公司成功开发出全氟磺酸质子交换膜——Nafion
系列膜，Nafion系列膜有低温工作、启动快、离子导电率高、化学稳定性好、寿
命长等优点。迄今为止，Nafion膜仍在质子交换膜方面具有不可撼动的地位。 
1993 年，加拿大巴拉德动力系统（Ballard Power System）公司推出全球首辆
质子交换膜动力车，使得航天领域上具有优异表现的燃料电池在民用领域也取得
重大的突破。 
进入 21 世纪，随着人们能源意识的增强，各国逐渐加大对燃料电池的研究
和投入，燃料电池汽车也逐步进入大众的视野。2008 年北京奥运会，我国燃料
电池大巴车和小客车成功示范运行，2010 年上海世博会，上百辆自主研制的燃
料电池汽车参与运行。德国、日本、韩国等各国汽车公司对燃料电池汽车的研究
处于世界领先地位。2017 年，丰田“MIRAI”燃料电池汽车已经在氢能源基础
设施建设不断完善中的日本、美国、欧洲等国家进行销售。 
1.1.2 燃料电池的工作原理及特点 
燃料电池主要包括阳极、阴极、电解质和外部电路四大部分。燃料在阳极发
生氧化反应，氧化剂在阴极发生还原反应，两极反应均在合适的催化剂下进行，
反应产生的电子从阳极流经负载做功并最终流向阴极，与此同时电解质起分隔两
电极的作用并传递带电离子，从而形成完整的回路。下面是燃料电池工作时的电
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